All relevant data are within the paper.

Introduction {#sec001}
============

The cerebrospinal fluid (CSF) is recognized as a predominant route of T-cell trafficking within the central nervous system (CNS). It is considered as the only site in the healthy brain that contains CD4+ T cells \[[@pone.0150945.ref001],[@pone.0150945.ref002]\]. These cells are primarily central memory and effector memory cells and express high levels of the adhesion molecule P-selectin glycoprotein ligand 1 (PSGL-1) \[[@pone.0150945.ref001],[@pone.0150945.ref003],[@pone.0150945.ref004],[@pone.0150945.ref005]\]. The involvement in neuroimmune surveillance of P-selectin, a major counterligand for PSGL-1 \[[@pone.0150945.ref006]\] responsible for the initial tethering and rolling of leucocytes on blood vessels, was highlighted by Carrithers and collaborators \[[@pone.0150945.ref007]\]. They reported that P- selectin facilitates the early migration of activated PSGL-1+ splenocytes and CD4 T~H~1 cells in the healthy mouse brain. In the non-inflamed brain in which the resting microvessel endothelium forming the blood-brain barrier does not support cell extravasation \[[@pone.0150945.ref001],[@pone.0150945.ref003],[@pone.0150945.ref008]\], P-selectin is confined to the choroid plexus and the meningeal vessels as shown in mouse and human \[[@pone.0150945.ref004],[@pone.0150945.ref007]\], indicating that leucocytes can in theory access CSF at both levels of the fluid flowing pathway. They can enter upstream via the choroid plexus into the ventricular spaces from where they follow the flow, or they can extravasate downstream, from subpial vessels into the subarachnoid spaces.

A number of factual observations support the former route through the choroid plexus, during normal immunosurveillance and in the early phase of neuroinflammatory processes. Analysis of matched ventricular and lumbar CSF samples from patients with normal pressure hydrocephalus showed identical number of leucocytes per volume unit, and identical leucocyte differential counts \[[@pone.0150945.ref005]\]. The paired CSF samples also displayed similar proportions of T-cell subsets, with a majority of CD4+ T cells. In accord with their transchoroidal route of migration, T cells are present in the choroid plexus stroma. They have been detected in human and murine tissue \[[@pone.0150945.ref004],[@pone.0150945.ref009]\] and their number increased to some extent after non-specific peripheral immune activation \[[@pone.0150945.ref009],[@pone.0150945.ref010]\]. It was then shown that initiation of experimental autoimmune encephalomyelitis requires brain entry of T~H~17 cells though the choroid plexus. Their penetration in the CNS is dependent on the chemokine receptor CCR6, whose chemokine ligand CCL20 is constitutively synthesized by the human, murine, and rodent choroidal epithelium (\[[@pone.0150945.ref011]\], and unpublished results). This choroidal pathway may also be relevant for pathogenic CCR6^+^ Th1 subsets such as found in MS patients \[[@pone.0150945.ref012]\]. Importantly, CD45+ cells were found to accumulate within the conjunctive stroma of the choroid plexus in CCR6-deficient mice after MOG immunization, hinting at a role for this particular chemokine-chemokine receptor pair in the transepithelial migration step in EAE \[[@pone.0150945.ref011]\].

T-cell trafficking via the choroid plexus may be amplified in various neuroinflammatory and neuroinfectious diseases characterized by elevated CSF levels of chemokines (e.g. \[[@pone.0150945.ref013],[@pone.0150945.ref014]\]). Spatiotemporal analyses of the pathogenesis of murine and rodent experimental autoimmune encephalomyelitis indicated that periventricular structures are among the primary target areas of early T-cell infiltration \[[@pone.0150945.ref010],[@pone.0150945.ref015]\]. Migration of T-cells into the CSF via the choroid plexus may similarly contribute to the preferential localization of focal demyelinated plaques in periventricular areas in patients with multiple sclerosis \[[@pone.0150945.ref016],[@pone.0150945.ref017]\].

As in many epithelial barrier sites, cell recruitment across the choroid plexus is a two-step process. It first involves endothelial extravasation across the choroidal vessels leading to cell accumulation in the choroidal stroma and then implies cell trafficking from the stroma to the CSF space across the choroidal epithelium ([Fig 1A](#pone.0150945.g001){ref-type="fig"}), which constitutes the actual anatomic site of the blood-CSF barrier \[[@pone.0150945.ref018]\]. Until recently, the lack of an adequate technology impeded investigation of the second step. In this paper, we established a differentiated cellular model of the rat blood-CSF barrier dedicated to the study of cell migration. We investigated the migration of activated T cells across the choroidal epithelium, its impact on the integrity of the tight junctions, and its potentiation by chemokines involved in the physiopathology of neuroinflammatory diseases.

![The cellular model of the blood-CSF barrier.\
(A) Schematic representation of a choroidal villus and of the experimental set up illustrating the two-chamber culture device. Left: the choroidal epithelium which forms the actual tight barrier controlling access into the CSF \[[@pone.0150945.ref018]\] delimits a stroma, in which the fenestrated vessels lacking a typical blood-brain barrier phenotype, express P-selectin \[[@pone.0150945.ref004]\]. Right: The epithelial cell monolayer grown on the lower side of the filter separates the upper chamber corresponding to the blood/stromal or basolateral space, from the bottom chamber representing the CSF or apical compartment (adapted from \[[@pone.0150945.ref018],[@pone.0150945.ref041]\]. (B and C) Immunofluorescent staining of occludin (B) and claudin 1/3 (C) showing a typical intercellular distribution of the tight junction proteins in the confluent inverted monolayers of choroidal epithelial cells. (D) Immunofluorescent staining of Na^+^K^+^ ATPase and ABCC1, showing the expected respective apical and basolateral membrane localization in the choroidal epithelial cells. The left image is a close up of a single cell to better appreciate the polarity of distribution of the 2 proteins. Nuclei appear in blue. Arrows show the lateral cellular membranes best seen in the z direction by confocal analysis, arrowheads show the basal labeling of ABCC1.](pone.0150945.g001){#pone.0150945.g001}

Material and Methods {#sec002}
====================

Animals {#sec003}
-------

Animal care and procedures were conducted according to the guidelines approved by the French Ethical Committee (decree 87--848) and the European Community directive 86-609-EEC. OFA timed pregnant female and adult male rats were obtained from Harlan (Gannat, France). The animals were kept in an individually ventilated caging system with appropriate bedding for pregnant females, in a temperature controlled room with a light-dark cycle of 12/12 hrs, and with food and water ad libitum.

Choroidal epithelial cell monolayers {#sec004}
------------------------------------

Primary cultures of epithelial cells from choroid plexuses sampled on two day-old rats were prepared using a modification of the method described by Tsutsumi and coll. \[[@pone.0150945.ref019]\]. Following rat pup sacrifice by decapitation, brain was removed from the skull. Choroid plexuses from both lateral ventricles were rapidly dissected under a stereo-microscope and kept in prewarmed (37°C) culture medium consisting of Ham's F-12 and DMEM (1:1) supplemented with 10% (v/v) fetal calf serum, 2 mM glutamine and 50 μg/ml gentamycin (all reagents from Gibco, Life Technologies SAS, Saint-Aubin, France). Plexuses were rinsed twice in PBS and incubated in PBS containing 1 mg/ml pronase (Sigma, L'Isle d'Abeau Chesnes, France) for 25 min at 37°C. Predigested plexuses were recovered by sedimentation and washed once with PBS. The supernatant containing mostly single non-epithelial cells was discarded and the large clumps of epithelial cells were briefly incubated in 0.025% trypsin (Gibco) containing 12.5 μg/ml DNase I (Roche Diagnostics GmbH, Mannheim, Germany). The supernatant resulting from sedimentation was withdrawn and kept on ice, with 10% fetal calf serum. Fresh trypsin solution was added to the tissue and this step was repeated five times. Cells were pelleted by centrifugation at 800 g for 5 minutes and pellets were resuspended in culture media. Epithelial cells were further enriched by differential attachment on plastic dishes. After 2 hours of incubation at 37°C resulting in fibroblast, endothelial cell, and macrophage adhesion to the plastic, the cell suspension was collected. Cells were seeded on Transwell-Clear filter inserts (6.5 mm diameter, 0.33 cm^2^ surface, 3.0 μm pore size, Corning B.V. Life Sciences, Amsterdam, The Netherlands) at a density of 0.65 cm^2^/choroid plexus as follows. Inserts were precoated on their lower side with laminin (Becton Dickinson, Le Pont-de-Claix, France) as described by the manufacturer. Cells were allowed to attach on inverted filters covered with culture medium at 37°C in a 5% CO~2~ atmosphere before inserts were positioned in a normal orientation in multiwell plates. Culture medium was added in both chambers, changed every other day, and renewed 24 hr prior to the migration studies. It was supplemented with 5 μg/ml insulin, 5 μg/ml transferrin, 5 ng/ml sodium selenite, 10 ng/ml epidermal growth factor, 2 μg/ml hydrocortisone, 5 ng/ml basic fibroblast growth factor and 500 μM hypoxanthine. Experiments were performed 5 days after confluence. Cell-free laminin-coated inserts were kept in the same conditions.

Preparation, characterization, and labelling of T cells {#sec005}
-------------------------------------------------------

### Splenocyte isolation {#sec006}

The spleen was removed aseptically from Sprague-Dawley rats and placed in RPMI medium 1640 supplemented with 10% FCS, 50 μM 2-mercaptoethanol, 1% sodium pyruvate, 1% non-essential amino acids, 1% L-glutamine, 1% penicillin, 1% streptomycin, (all reagents from Gibco). The spleen was cut in small fragments which were forced through a cell strainer (mesh size of 200 μm, Netwell insert, Corning). Cells were pelleted by centrifugation and suspended in 1 ml of erythrocyte lysis buffer (0.15 M NH~4~Cl, 10 mM NaHCO~3~, 0.1 mM Na~2~ EDTA). Cells were kept at room temperature (20--24°C) for 3 minutes with occasional gentle shaking and the lysis buffer was neutralized with 10 ml of culture medium. Cells were pelleted, washed once with culture medium, and resuspended in the same medium at a density of 5 x 10^5^ cells per well. T cell proliferation was induced by phytohemagglutinin (PHA, 1 μg/ml, Sigma Aldrich, St-Louis, MO) or concanavalin A (ConA 1.2 μg/ml Sigma Aldrich) for 72 hours. Activated T cells were further cultured at a density of 2 x 10^5^ cells/ml for 6 days in the presence of recombinant IL-2 (20 UI/ml; Euromedex, France).

### T cell characterization {#sec007}

T cells were pelleted by centrifugation and resuspended in staining buffer (PBS supplemented with 2% FCS and 0.1% (w/v) sodium azide). Following the addition of mouse anti-rat CD3 (Clone G4.18, BD Pharmingen, Le Pont de Claix, France), cells were incubated on ice for 20 minutes. They were washed with 2 ml of staining buffer and incubated with FITC-conjugated goat anti-mouse IgG (Star70, Serotec France, Cergy Saint-Christophe, France) for 20 minutes on ice. Following washing in staining buffer, cells were resuspended in 10 mM EDTA containing PBS and kept on ice until analyzed by flow cytometry (Coulter Epics XL, Beckman Coulter, Villepinte, France). Staining with the mouse isotype IgG~3~, κ (BD Pharmingen) was performed as a negative control. Cell viability was assessed by propidium iodide exclusion. Propidium iodide was added to a final concentration of 10 μg/ml, prior to flow cytometry analysis. Viability was superior to 98%, and 95% of the cells were CD3 positive.

Chemokine receptor expression was evaluated by mRNA analysis in activated T cells in comparison to rat splenocytes. Total mRNA was extracted and DNAse-treated using RNeasy^®^ Mini Kit (Qiagen, Courtaboeuf, France), according to the manufacturer's instructions. RNA was reverse-transcribed using random hexamer DNA primers and Moloney Murine Leukemia Virus reverse transcriptase (Invitrogen, Life Technologies SAS), according to the manufacturer\'s instructions. Selected chemokine receptor cDNAs were amplified using Hot start Taq polymerase (Qiagen) and the primers listed in [Table 1](#pone.0150945.t001){ref-type="table"}. β-actin was amplified using 5'-GGGACCTGACAGACTACCTCATG-3' and 5'-GAGGATGCGGCAGTGGC-3' as forward and reverse primers, respectively. Cycle parameters were as follows: 45 s at 94°C, 60 s at 59 or 60°C and 90 s at 72°C. The number of PCR cycles was adjusted for each gene in order to yield conditions of near-linearity between the amount of cDNA added in the PCR reaction and the amplified DNA band intensity estimated on agarose gels using the Gene Tools Analysis Software version *3*.*02*.*00* (SynGene, Cambridge). Chemokine receptor signals were normalized to β-actin signals and used to generate semi-quantitative data of chemokine receptor mRNA.

10.1371/journal.pone.0150945.t001

###### Chemokine receptor expression in activated T cells.

Total mRNA was prepared from T cells obtained after PHA- or ConA stimulation and cultured in the presence of IL-2. Semi-quantitative RT-PCR was run using the listed specific primers, and scoring of--to +++ was attributed based on the level of chemokine receptor mRNA in cells versus control rat spleen, all levels being normalized to that of beta-actin. ++ indicates levels comparable to that observed in the spleen.

![](pone.0150945.t001){#pone.0150945.t001g}

  Chemokine receptor   Chemokine ligand   Primer sequences                Level of expression in stimulated lymphocytes (versus rat spleen)   
  -------------------- ------------------ ------------------------------- ------------------------------------------------------------------- -----
  CCR2                 CCL2               5'-CCACCACACCGTATGACTATGAT-3'   ++                                                                  ++
                       (MCP-1)            5'-ACAGCATGGACAATAGCCAAATA-3'                                                                       
  CCR5                 CCL5               5'-TGTTTCGCTGTAGGAATGAGAAG-3'   +++                                                                 ++
                       (Rantes)           5'-GTTTGACAATGTGTTTTCGGAAG-3'                                                                       
  CCR7                 CCL19 &            5'-TGGTCATTTAGGTGTGCTT-3'       ++                                                                  ++
                       CCL21              5'-AGCAGGTAGGTATCCGTCATGG-3'                                                                        
  CXCR3                CXCL10             5'-TTCCTCTGTTCACGGCAAGT-3'      \+                                                                  +/-
                       (IP-10)            5'-TGGAGCAGGAAGGTGTCTGT-3'                                                                          

### T cell labeling {#sec008}

On the day of the migration experiment, T cells were labeled with the cell permeant 5-(and -6)-carboxyfluorescein diacetate, succinimidyl ester (CFSE, Molecular Probes, Life Technologies), used for its strong and steady labeling property, and minimal toxicity \[[@pone.0150945.ref020]\]. Cells were thoroughly resuspended in culture medium. CFSE (5 mM stock solution in DMSO) was added to a final concentration of 15 μM. Cells were protected from light and incubated for 30 minutes at 37°C. Cells were washed twice in a large volume of culture medium and resuspended in culture medium at a concentration of 2 x 10^6^ cells/ml.

Transwell migration assay {#sec009}
-------------------------

Labeled lymphocytes were diluted two-fold in the upper chamber of epithelial cell-covered Transwell inserts or cell-free inserts, to yield a final concentration of 10^6^ cells/ml (250 10^3^ cells/filter). The recombinant chemokines CCL5 (100 ng/ml), CCL2 (20 ng/ml), and CXCL10 (20 ng/ml), all from R&D Systems (Lille, France) were added in the lower chamber of some filters. After 7 hours of migration at 37°C in 5% CO~2~, T cells were collected by centrifugation of the lower chamber medium and numbered by fluorescent microscopy using a cell counting chamber ([Fig 2](#pone.0150945.g002){ref-type="fig"}).

![Schematic representation of the Transwell migration assay.\
Fluorescently labeled lymphocytes (10^6^ cells/ml) are added into the upper chamber, in the presence or absence of chemokines in the lower chamber. Counting of cells retrieved from the lower chamber enables to determine the percentage of lymphocytes that fully migated through the choroidal epithelial cells. Staining protocols of the cell covered filters following the migration study allow defining the localization of lymphocytes within the filter/epithelium system, and approaching the route of transmigration.](pone.0150945.g002){#pone.0150945.g002}

Immunocytochemistry {#sec010}
-------------------

Immunocytochemical staining of tight junction proteins occludin, claudins 1/3, claudin 2, Na^+^K^+^ATPase and ABCC1 in choroidal monolayers was performed as follows. The cell-covered filters were briefly washed with ice-cold Dulbecco's PBS containing Ca^2+^ and Mg^2+^ (Invitrogen), and monolayers of choroidal epithelial cells were fixed by methanol/acetone (1/1) for 90 s. After fixation, filters were washed 3 times on ice with Dulbecco's PBS without Ca^2+^ and Mg^2+^, and stored at 4°C until processed for immunocytochemical staining. The distribution of tight junction proteins was studied using rabbit polyclonal antibodies raised against occludin (\#71--1500, 0.625 μg/ml), claudin 2 (\#51--6100, 1.25 μg/ml), and claudins 1/3 (\#71--7800, 1.25 μg/ml, all antibodies from Life Technologies). The localization of Na^+^K^+^ATPase and ABCC1 was studied using a mouse monoclonal antibody (NB300-146, Novus Biologicals, diluted 1/1000) and a rabbit polyclonal antibody (ALX-210-841-C100, Alexis Biochemicals, 2,5 μg/ml), respectively. The choroidal monolayers were saturated in 10% FCS containing PBS for 1 hour at room temperature. The primary antibodies were diluted in the same buffer and incubated with choroidal monolayers overnight at 4°C. After 3 washes in PBS, the filters were incubated for 2 hours at room temperature with Alexa Fluor 488 (\#A-11008) or Alexa Fluor 546 (\#A11-010) conjugated anti-rabbit IgG goat antibodies (Molecular Probes, Life Technologies) used at a dilution of 1/1000 in FCS containing PBS. After washes in PBS, cell-covered filters were mounted on slides with Fluoprep (Biomerieux, Lyon, France) and examined using a Leitz DMRB fluorescence microscope or a Leica TSC-SP confocal scanning head mounted on an upright Leica DMR microscope (Leica Microsystèmes SAS, Nanterre, France). Staining without primary antibody was run as negative control.

Permeability studies {#sec011}
--------------------

The transport of phenol red was measured as an index of active organic anion efflux (from CSF to blood) across the choroid plexus to assess choroidal differentiation. It was also used as a visual criterion to readily detect defective monolayers that would not display an imbalance in phenol red concentration (i.e. red color intensity) between the apical and basolateral compartments. Precise volumes of culture medium containing 23 mM of phenol red, (i.e. the concentration in commercially available DMEM/F12 medium), were added to the upper and lower compartments of the inserts. Both media were collected between 17 and 47 hours after addition. One hundred μl of medium was diluted with 300 μl of 0.5N NaOH and the spectrum of the solution was recorded between 500 and 700 nm in a Carry 100 dual spectrophotometer (Varian-Agilent Technologies, Massy, France). The difference in optical densities between 550 and 700 nm is proportional to the concentration of phenol red in the medium. The active clearance of phenol red was calculated as the volume cleared from the basolateral to the apical chamber during the incubation period, using the following equation: $$Cl = \lbrack C_{a} - C_{b})V_{a}V_{b}\rbrack/\lbrack C_{a}V_{a} + C_{b}V_{b}\rbrack$$ where C~a~ and C~b~ are the concentrations at the time of sampling in the apical (lower) and basolateral (upper) solutions, respectively, and V~a~ and V~b~ are the volumes of the apical and basolateral solutions, respectively. Final data expressed in μl·cm^-2.^hr^-1^ were obtained by dividing the clearance value by the surface area of the monolayer and the duration of the transport \[[@pone.0150945.ref021]\].

The monolayer permeability to \[^14^C\]-sucrose (350 mCi/mmol, Amersham, Little Chalfont, England) was measured at the end of the transmigration assay to evaluate the effects of T-cell migration on the paracellular gate function of the choroidal cells. Culture inserts were rinsed once on both sides with Ringer-Hepes buffer (RH, 150 mM NaCl, 5.2 mM KCI, 2.2 mM CaCI~2~, 0.2 mM MgCl~2~, 6 mM NaHCO~3~, 2.8 mM glucose, 5 mM Hepes, pH 7.4) prior to the permeability study. Fresh RH was added to both compartments of the insert and volumes were adjusted to reach level equilibrium in order to prevent any hydrostatic pressure. Sucrose (0.18 nCi/μl in RH) was added to the upper chamber, and at regular intervals thereafter, the insert was transferred to another well in order to minimize the backflux of molecules from the lower to the upper chamber. Laminin-coated filters without cells were run similarly. All incubations were performed on a rotating platform (200 rpm) at 37C. Radioactivity was determined by liquid scintillation counting using a TRI-CARB 1600-TR analyzer (Packard, Canberra, NZ) in aliquots sampled from the upper chamber and the successive lower wells. Permeability coefficients were calculated as described in details \[[@pone.0150945.ref021],[@pone.0150945.ref022]\]. Briefly, the flux of material across the monolayer was estimated as the amount cleared from the donor fluid \[[@pone.0150945.ref023]\]. The volume clearance is given by the following equation: $${Volume\ cleared} = C_{a}V_{a}/C_{d}$$ where C~a~ is the concentration in the acceptor lower solution at the time of sampling, V~a~ is the volume of the acceptor solution, and C~d~ is the concentration in the donor upper solution. The latter was corrected for each sampling period by adjusting its value for the amount of molecule cleared during the previous time point. During the course of the experiment, the clearance volume increased linearly with time. The rate of clearance, equal to the slope of a plot of the cumulative volume over time, was determined by least square regression analysis. As C~d~, is assumed constant over each sampling period, and the backflux is considered negligible, the rate of clearance becomes equal to the permeability-surface area product (PS in μl.min^-1^.filter^-1^). The reciprocals of the PS products of the serially arranged layers composing the cell monolayer-laminin-filter system are additive \[[@pone.0150945.ref023]\] and verify the following equation: $$1/{PSt} = 1/{PSf} + 1/{PSe}$$ where PSt and PSf are the PS products determined for filters with and without epithelial cells, respectively, and PSe is the permeability-surface area product of the epithelial monolayer. The permeability coefficient of the epithelial cells Pe (cm.min^-1^) was obtained by dividing PSe by the surface area of the filter.

Electric resistance was measured across cell-covered filters using an EVOM resistance meter (WPI, Hitchin, UK). The value obtained was corrected by subtracting the value measured across laminin coated filters without cells. The resulting resistance value was multiplied by the surface area covered by the cells on the inverted filters (0.4 cm^2^), to generate transepithelial electric resistance (TEER) expressed as ohm.cm^2^.

Results {#sec012}
=======

The choroidal epithelium reconstituted in an inverse configuration reproduced barrier features typical of the blood-CSF interface in vivo, similar to those reported in details for the normal configuration \[[@pone.0150945.ref021],[@pone.0150945.ref022]\]. It formed a hydrodynamic barrier maintaining imbalanced fluid levels between the two chambers (not shown). Staining of the tight junction transmembrane proteins occludin, claudin 1/3 ([Fig 1B and 1C](#pone.0150945.g001){ref-type="fig"}), and claudin 2 ([Fig 3C, 3E and 3F](#pone.0150945.g003){ref-type="fig"}) demonstrated a continuous immunoreactivity along epithelial cell borders. The cell monolayer displayed a highly restricted paracellular diffusion indicated by an epithelial permeability to sucrose of 0.314 ± 0.050 x 10^−3^ cm.min^-1^ (n = 11 from 4 cell preparations). The TEER was of 134.0 ± 2.7 ohm.cm^2^, and was similar to the moderate TEER measured in vivo \[[@pone.0150945.ref024],[@pone.0150945.ref025]\]. This value is consistent with the expression and membrane localization of the pore-like forming claudin-2 ([Fig 3C](#pone.0150945.g003){ref-type="fig"}), a tight junction protein responsible for low electrical resistance in epithelia. Finally, the cells reproduced the specific property of the blood-CSF barrier in vivo to actively transport phenol red out of the brain \[[@pone.0150945.ref026]\], as demonstrated by the monolayer capacity to transport this organic anion from the apical to basolateral compartment against the building concentration gradient (active clearance of 13.9 ± 2.7 μl.cm^-2^.hr^-1^, n = 13 from 3 cell preparations). This functional evidence of epithelial polarization was further substantiated by the respective apical and basolateral localization of Na^+^K^+^ ATPase and ABCC1, two proteins involved in energy-dependent transport functions at the blood-CSF barrier ([Fig 1D](#pone.0150945.g001){ref-type="fig"}).

![Distribution of claudins and activated T cell localization following transmigration assay across the choroidal epithelium.\
T cell adhesion to and migration across the epithelium do not cause any alteration in the continuous peripheral distribution of epithelial tight junction proteins claudin 1/3 and 2. Stacks of optical Z-sections obtained by confocal microscopy across the whole filter + epithelial layer allowed visualizing all T cells associated with the system. Their relative position with respect to the tight junctions revealed by claudin1/3 (A, B, D, G) or claudin 2 (C, E, F) immunocytochemistry was determined in xz or yz views and used to discriminate transmigrated immune cells adhering to the apical membrane from those still located basolaterally or remaining in the upper chamber (example in B). Activated T cells contacting either the basolateral or the apical membrane domain of the epithelium are often located at tricellular corners (A, C, E, F) hinting at a paracellular route of T cell migration across the monolayer. Most T cells present a non-homogeneous fluorescence intensity or a typical comma-like shape with a uropod and a cellular protrusion that could be a leading edge (stars in A, D), which reflect their motility. In G, the T cell "a" extends a long cytoplasmic projection seemingly scanning the intercellular junction towards the tricellular corner.](pone.0150945.g003){#pone.0150945.g003}

The activated T cells prepared for transmigration experiments expressed gene transcripts for the chemokine receptors CCR2, CCR5, CCR7, and CXCR3 to a lesser extent ([Table 1](#pone.0150945.t001){ref-type="table"}). Accordingly, these cells were responsive to the attracting effect of the corresponding ligands CCL2, CCL5, and CXCL10, as assessed in a chemotaxis assay across cell-free laminin-coated filters. The number of migrated cells per cm^2^, measured over a 30-minute period, were 4470 ± 435 and 29390 ± 8250, in the absence and presence of chemokines, respectively. Migration of T cells across choroidal epithelial cell monolayers in the absence of exogenous chemokines was restricted but not fully abrogated by the cellular barrier, representing for example 2.5% of the migration observed across cell-free laminin-covered filters in the case of PHA-treated cells. Addition of the chemokines CCL2, CCL5, and CXCL10 to the lower apical chamber stimulated T cell migration. It resulted in a 10-fold increase in the migration index of PHA-treated cells ([Fig 4A](#pone.0150945.g004){ref-type="fig"}). A similar effect of chemokines was observed on the migration index of ConA-treated cells (7-fold increase, data not shown). Transmigrated cells were controlled to be CD3 positive by facs analysis. Transmigration and chemotaxis of activated T cells did not affect the functional and structural integrity of the choroidal epithelial barrier. The flux of sucrose across the choroidal epithelium was not altered following transcellular migration of activated cells, in contrast to the 19-fold increase observed when tight junction disassembly was induced by Ca^2+^/Mg^2+^ removal ([Fig 4B](#pone.0150945.g004){ref-type="fig"}). Immunofluorescent staining of claudins performed after the chemotaxis period did not reveal any visible alteration in the continuous distribution of these proteins at cell borders ([Fig 3A--3G](#pone.0150945.g003){ref-type="fig"}). Confocal analysis enabled to determine the position of T cells relative to claudin-containing tight junction complexes (Figs [3](#pone.0150945.g003){ref-type="fig"} and [5](#pone.0150945.g005){ref-type="fig"}). Resisting the brief washing step before fixation, a few cells possibly engaged into migration through the pores were found still adhering to the filter membrane in the upper chamber ([Fig 3B](#pone.0150945.g003){ref-type="fig"}, arrowhead). Many cells were located between the filter and the epithelial cell monolayer, appearing in focal planes that were basal to the tight junction complexes (e.g. Figs [3C, 3E, 3G](#pone.0150945.g003){ref-type="fig"}, [5A and 5B](#pone.0150945.g005){ref-type="fig"}). Some of these cells which displayed a cellular extension in contact with the junctional complexes had apparently initiated transepithelial migration ([Fig 5A](#pone.0150945.g005){ref-type="fig"}). Finally, a few other cells were observed associated with the apical surface of the epithelial cells (e.g. [Fig 5B](#pone.0150945.g005){ref-type="fig"}). Regardless of their position (apical or basal relative to tight junction complexes), 70% of migrating T cells appeared to contact interepithelial cell borders and 30% were localized at tricellular corners (e.g. [Fig 5A and 5B](#pone.0150945.g005){ref-type="fig"} and [Table 2](#pone.0150945.t002){ref-type="table"}). In [Fig 3G](#pone.0150945.g003){ref-type="fig"}, one T cell, positioned basally relative to claudin immunoreactivity, extends a long cytoplasmic process seemingly scanning the intercellular junction towards a tricellular corner. This particular pattern of T cell association with the junctions supports a paracellular route of migration across the blood-CSF barrier and suggests that intersections between three or more neighboring cells represent preferential sites of cell infiltration.

![Activated T cell migration across the choroidal epithelium.\
(A) Transepithelial chemotaxis of PHA-activated T cells in response to CCL2, CCL5 and CXCL10. \*\*: statistically different from migration without chemokines p\<0.01, two-tail Student\'s t test for unequal variance. The migration indices, measured after a 7-hour period, represent means ± SD, n = 3 or 4. (B) T cell chemotaxis does not alter the paracellular gate function of the blood-CSF barrier. Epithelial permeability coefficients for the paracellular marker sucrose are calculated and expressed in cm.min^-1^ \[[@pone.0150945.ref021]\]. ns: not statistically different from control group (without T cells) p\<0.05, one-way ANOVA followed by 'a posteriori' Dunnett's test. Data represent means ± SD, n = 3.](pone.0150945.g004){#pone.0150945.g004}

![Confocal analysis of T cell transmigration route.\
Successive optical Z-sections through the filter + epithelial cell system are represented in an apical to basal order. (A) The most apical confocal plane is at the level of the tight junction protein claudin 2. The T cell, barely visible in this section, emerges on the following plane at a tricellular corner (white arrowhead). The leading edge is then visualized in section 3, followed by the cell body in more basal focal planes. A second, presumably transmigrating T cell similarly appears at another tricellular corner (Section 4, white arrow). (B) The T cell visible in the first confocal plane (white arrowhead) has migrated through the epithelial monolayer. It is located apically relative to the sections displaying the tight junction protein claudin 2 (visible from section 3), and associated with a tricellular corner (Section 5), through which it may have migrated. A second T cell (Section 7, white arrow) is visible in the second half of the plane series. It is mostly present in sections that are basal to the tight junction network.](pone.0150945.g005){#pone.0150945.g005}

10.1371/journal.pone.0150945.t002

###### Quantification of migrating T cell in contact with interepithelial tight junctions.

T cells that had reached the epithelial monolayer and were in contact with the interepithelial tight junctions (identified by claudin1/3 and claudin2 immunostaining) were quantified on confocal images through observation of all xy, xz and yz plans. Results are expressed as the percentage of total number of cells analyzed. Data are mean ± SEM, n = 12 monolayers from two 2 choroidal cell preparations.

![](pone.0150945.t002){#pone.0150945.t002g}

     No TJ contact   TJ contact              
  -- --------------- ----------------------- ------------------------
                     Bicellular TJ contact   Tricellular TJ contact
                     38.1 ± 5.9              34.4 ± 4.7

Discussion {#sec013}
==========

Trafficking of immune cells across epithelial barriers, from the stromal or mucosal space to the luminal space, occurs in a number of organs such as lung, kidney, or intestine. Addressing transepithelial migration mechanisms in vitro requires the establishment of cellular barriers in an inverse setting that enables to expose epithelial cells to immune cells via their basolateral membrane domain. Such inverse models of the bronchial epithelium \[[@pone.0150945.ref027]\] or the intestinal epithelium \[[@pone.0150945.ref028]\] have been successfully developed and used to investigate cell trafficking in these peripheral organs. Analogous models of the porcine and murine choroidal epithelium were recently introduced to explore the involvement of the blood-CSF barrier in *Streptococcus suis* meningitis and subsequent polynuclear neutrophil recruitment, \[[@pone.0150945.ref029],[@pone.0150945.ref030]\], and in monocyte recruitment following brain injury \[[@pone.0150945.ref031]\]. T Lymphocyte migration has also been documented across a model derived from human malignant choroid plexus papilloma cells \[[@pone.0150945.ref032]\]. To circumvent the lack of methodology allowing the visualization of lymphocyte migration across the blood-CSF barrier in vivo in rodent, we have now established an inverse cellular model, based on primary culture of rat choroid plexus epithelial cells, which displays structural and functional features of the choroidal barrier in vivo. It reproduces the continuous circumferential localization of various tight junction transmembrane proteins known to confer paracellular barrier properties. The functionality of these sealing proteins is demonstrated by a low permeability of the monolayer to the small polar compound sucrose, by a TEER similar to those measured in vivo, and by the cell ability to maintain an imbalance in phenol red concentrations between the apical and basal chambers. The capacity of the cell monolayer to create this imbalance by mediating the unidirectional transport of phenol red substantiates one hallmark of epithelial barriers, which is cell polarization. This property of the *in vitro* blood-CSF barrier, previously described in vivo for rabbit choroid plexuses \[[@pone.0150945.ref026]\], also indicates that a differentiated choroidal phenotype is maintained in the cells cultured in an inverse configuration. This was further substantiated by the polarized localization of two landmark choroidal proteins, Na^+^K^+^ ATPase and ABCC1, respectively at the apical and basolateral membranes of the cells. These monolayers constitute an appropriate tool to investigate the process of immune cell trafficking across the blood-CSF barrier.

We have used this differentiated in vitro model to explore the migratory behavior of activated T cells across the resting choroidal epithelium. T cell recruitment through the choroid plexus implies a multistep process, involving the initial extravasation of immune cells through the choroidal endothelium, followed by their transepithelial migration from the stroma into the ventricular space ([Fig 1A](#pone.0150945.g001){ref-type="fig"} for a description of the anatomical organization of a choroidal villus). These two steps fundamentally differ in that shear forces imposed on immune cells by the blood flow in the former do not apply in the latter step. Therefore, transepithelial migration studies do not require the implementation of dynamic flow-based transmigration assays, and should be performed in static conditions. We observed a spontaneous migration of T cells across the cellular barrier that largely increased following addition into the CSF compartment of exogenous chemokines for which the cells expressed the corresponding receptors ([Fig 4](#pone.0150945.g004){ref-type="fig"}). Chemokine synthesis and secretion by the choroid plexus has not yet been investigated extensively. Current knowledge indicate that naïve choroid plexuses constitutively produce and secrete some chemokines, as shown by either gene expression studies, or at the protein level by immunochemistry, ELISA, or protein array analysis (\[[@pone.0150945.ref004],[@pone.0150945.ref011],[@pone.0150945.ref033],[@pone.0150945.ref034],[@pone.0150945.ref035]\], and unpublished results). Choroidal epithelial cells in culture retain this capacity, and in the absence of stimulation, produce and secrete chemoattractant agents in a polarized way \[[@pone.0150945.ref034],[@pone.0150945.ref035]\]. In our experimental conditions whereby the resting epithelial cells were allowed to secrete basal levels of endogenous chemokines prior to T cell addition, chemotaxis may have contributed to the apparently spontaneous migration process. Activated T cell trafficking was substantially increased upon addition of a mix of CCL2, CCL5, and CXCL10, three chemokines whose receptors are expressed by these immune cells. Our results indicate that recruitment of stromal activated lymphocytes into CSF may be stimulated in various neurological infectious or inflammatory diseases, for which increased CSF levels of these chemokines have been reported \[[@pone.0150945.ref013],[@pone.0150945.ref014]\].

The data we generated using PHA and CON-A activated T cells, have heuristic value to understand the blood to CSF trafficking of other T cell subsets displaying specific determinants. For instance, T cells in human CSF are mostly memory cells and display a restricted repertoire of chemokine receptors, which is similar between patients with non-inflammatory and inflammatory neurological disorders \[[@pone.0150945.ref003],[@pone.0150945.ref036]\]. The co-expression of CCR7 with CXCR3 and CCR5 in these cells indicates that they can be recruited by both the homeostatic lymphoid chemokines CCL19 or CCL21, and by inducible chemokines such as CXCL10 or CCL5. Evidence for CCL21 synthesis in epithelial cells of human choroid plexuses from both control individuals without CNS inflammation and multiple sclerosis patients \[[@pone.0150945.ref033]\], could therefore be of relevance to the migration of T cells across the blood-CSF barrier in neuroimmune surveillance. The choroidal epithelium produces another constitutive chemokine, CCL20, the only ligand known for CCR6 \[[@pone.0150945.ref011],[@pone.0150945.ref037]\]. T cells that recognize processed MOG are present almost exclusively among CCR6+ memory ⁄ effector T cell subset in human \[[@pone.0150945.ref012]\]. Mice lacking this receptor CCR6 are highly resistant to the induction of EAE, due to the inability of CCR6- T~H~17 pathogenic cells to enter the inflamed brain and initiate the disease. The high expression of CCL20 in choroidal cells and the concurrent accumulation of CCR6- cells in the choroidal stroma of deficient mice suggest that the early migration of pathogenic cells occurs through this interface and is dependent on the interaction between CCL20 and CCR6.

CNS-specific trafficking determinants have not been identified yet. Selectivity in chemokine transport and presentation may be involved in tissue-specific variations in leukocyte homing mechanisms, as reported recently for CXCL10 and CCL2 in human vascular endothelial cells of various tissues \[[@pone.0150945.ref038]\]. Insights into CSF-homing mechanisms will be provided by precisely defining the repertoire of chemokines synthesized by the various types of choroidal cells (endothelial, stromal and epithelial) and assessing whether translocation pathways in this tissue can relay CSF chemokines to stromal lymphocytes. The reconstituted choroidal epithelium presented in this paper will allow investigating such transcytosis mechanisms. A first set of data on CCL2 shows that the apical-to basolateral transfer of this chemokine is very low \[[@pone.0150945.ref034]\].

The adhesion molecules involved in the migration process have not been investigated in this study. They may also be part of CNS-specific trafficking determinants. At the choroid plexus, besides the likely involvement of endothelial P-selectin \[[@pone.0150945.ref004]\], the molecular partners involved in endothelial diapedesis, in further migration through the stroma, and in transepithelial trafficking, remain to be deciphered. Given the lack of shear stress imposed on stromal T cells, mechanisms alternate to those described in endothelia are likely to be involved at the blood-CSF barrier proper.

In accord with its potential implication in "routine immunosurveillance", T cell migration through the choroidal monolayer in vitro did not induce tight junction protein loss at the epithelial borders as assessed by immunocytochemical staining of claudins. The integrity of the epithelium assessed by its permeability to sucrose was also preserved, implying that T-lymphocyte migration is a tightly regulated mechanism. Half of the T-lymphocytes adhering to the epithelium and contacting intercellular junctions were associated with multicellular corners. Given the length of bicellular junctions relative to the restricted tricellular area available at tricellular corners, this ratio reflects a preferential localization of T cells at these sites. The lack of apparent discontinuity in claudin immunoreactivity at these corners argues against the previously proposed concept that tricellular corners are regions of interrupted junctions and of least resistance, favoring cell migration \[[@pone.0150945.ref039]\]. A specific feature of tricellular corner junctions between epithelial cells is their enrichment into tricellulin, a tetraspan protein belonging with occludin to the tight junction associated Marvel protein family. This protein plays a critical role in tight junction permeability and function \[[@pone.0150945.ref040]\]. Of note, this protein concentrates in vertically oriented strands in tricellular tight junctions in mouse Eph4 epithelial cell monolayers, and tricellulin immunoreactivity clearly extends basolaterally to occludin labelling. Whether this protein or some other distinct feature of the tricellular corner mediates the preferential interaction and migration of immune cells at this location needs further investigation. ''Funnel-like" structures forming from the apical membrane were observed in a porcine choroidal monolayer to allow migration of paracellularly located neutrophils blocked by the tight junction complex. \[[@pone.0150945.ref030]\]. Whether T cells share a similar pathway of migration remains to be investigated. Current strategies developed to treat inflammatory disorders of the CNS are primarily directed at blocking immune cell adhesion or chemokine/chemokine receptor interactions, and target the inflamed blood-brain barrier. The present data provide evidence for the controlled migration of T cells across the blood-CSF barrier into brain, and further indicate that this recruitment route is sensitive to CSF chemokines. Therapeutic strategies will therefore benefit from identifying immune cell ligands and their counter receptors involved in normal immune surveillance across the choroid plexus, defining the profile, extent, and polarity of chemokines secreted by the choroidal epithelium per se, and finally investigating how these key factors are affected during chronic neuroinflammation.
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